Abstract: It has been found that a high electrical conductivity of 63.1%, the International Annealed Copper Standard (IACS), and high mechanical properties are achieved by the initial aluminum alloy after undergoing four cycles of the severe plastic deformation (SPD) process. It has been found that when TiB 2 particles are introduced into aluminum and the samples are subject to SPD, the mechanical characteristics of the aluminum alloy are improved. Microhardness (HV) increases from 329 to 665 MPa, yield strength (YS) increases from 38 to 103 MPa, and ultimate tensile strength (UTS) increases from 73 to 165 MPa while maintaining the initial electrical conductivity of cast aluminum without reinforcing particles (53.9-54.1% IACS).
free pass of electrons in the crystal. Another approach to increasing electrical conductivity and mechanical properties are severe plastic deformation (SPD) methods [11] . In References [4, 9] , it has been shown that grinding grains to submicron sizes using SPD produces ultra-fine alloys of aluminum with nanosize inclusions that exhibit excellent strength, thanks to grain-boundary and particle reinforcement. The authors have shown that SPD leads to a very low content of dissolved atoms and the absence of Guinier-Preston zones in the aluminum crystals, which significantly increases electrical conductivity [4] .
An alternative approach to increasing the mechanical properties of aluminum alloys lies in the ex situ introduction of a small amount (up to 0.1-0.2 wt.%) of nano-and micro-size neutral hard-melting particles, such as Al 2 O 3 , TiB 2 and SiC. This allows for a significant increase in the mechanical properties of aluminum alloys, including hardness, yield strength, tensile strength, and plasticity [12] [13] [14] . This is because when ceramic particles are introduced into the melt, they become crystallization centers and lead to the formation of a fine-grain structure of ingots. This, in turn, improves mechanical properties in accordance with the Hall-Petch relationship. Also, the strengthening is achieved via the Orowan mechanism since ceramic particles are an obstacle to the travel of dislocations [15] . The mechanical properties of the aluminum composites are rather fully studied in References [12] [13] [14] [15] [16] . Valiev R.Z. et al. [4, 9] studied the effect of SPD on the electrical conductivity of dispersion-hardening alloys by intermetallic inclusions. The issue of the influence of ceramic inclusions (especially at nanosize scale) introduced by the "ex-situ" method on the combination of mechanical properties and electrical conductivity of aluminum remains understudied. At the same time, there are no data on the effect of SPD on the physico-mechanical properties of aluminum alloys hardened by ceramic particles. Thus, the goal of this research is to study the influence of nanosized Al 2 O 3 particles, sub-microsized TiB 2 and TiC particles, and deformation treatment on the mechanical properties and electrical conductivity of pure aluminum.
Materials and Methods

Reinforcing Particles
In the present research, three types of reinforcing particles were injected into the aluminum melt: (1) master alloys containing TiB 2 and TiC particles, with an average particle size of 0.9 µm; (2) master alloys containing TiB 2 particles, with an average particle size of 0.7 µm; and (3) Al 2 O 3 nanopowder, with an average particle size of 80 nm. The average size of agglomerates of the nanosize particles was 1.2 µm.
Master alloys containing carbide and boride particles were obtained through self-propagating high-temperature synthesis (SHS) [17, 18] . To obtain SHS materials from Al-Ti-B/B 4 C powder systems, stoichiometric mixtures of titanium and boron/boron carbide powders were used, with the addition of aluminum powder to the stoichiometric mixtures. The weight ratio of the initial components of the charge Al-Ti-B /B 4 C for each experiment was selected based on the conditions of the synthesis reaction in the stationary layer-by-layer burning mode without attenuation. It was assumed that aluminum powder does not react in the charge and serves as a diluent that lowers the temperature of combustion. This, in turn, allows for the obtainment of smaller ceramic particles of TiB 2 and TiC by inhibiting the recrystallization process. Therefore, the calculated/theoretical/estimated reactions occurring in the SHS process for each system are presented as follows. 
Titanium and boron powders, as well as titanium and boron carbide powders, were mixed in the following stoichiometric ratios: 69 wt.% Ti + 31 wt.% B and 72 wt.% Ti + 28 wt.% B 4 C, respectively. Next, aluminum powder was added to the stoichiometric mixture, with an amount of 50 wt.% for the Ti + 2B system and 40 wt.% for the Ti + B 4 C system. The SHS process consisted of the following steps. First, there was the mixing powders, followed by pressing and setting the resulting compact into a SHS reactor. This was further followed by vacuuming, filling the working space with argon, and local combustion initiation by heating the nichrome loop in contact with the pressing surface. The methodology of the experiment, data on starting materials and equipment, and data on the structure and phase composition of the master-alloys obtained by the SHS method and used in this work are described in more detail in Reference [18] .
The initial nanosized powders of aluminum oxide were produced using plasma chemical synthesis on the respective reactor units. The unit schematics, the production method and the theoretical and experimental research for optimizing the particle size distribution and morphology of the obtained powders are provided in Reference [12, 16, [19] [20] [21] . For powder synthesis, an initial water solution (30 wt.%) of aluminum salt Al(NO 3 ) 3 ·9H 2 O was used. The process of salt decomposition into aluminum oxide in the plasma-chemical reactor is as follows. First, salt thermolysis takes place when it is heated over 135 • C. Here, the Al(OH) 2 NO 3 ·1.5H 2 O basic salt is formed. At higher temperatures (over 200 • C), the salt is decomposed into aluminum oxide in accordance with the following reaction.
Obtaining the Alloys
Industrial grade 99.5% aluminum was used as the initial material, while the rest comprised of 0.2% of Si, 0.2% of Fe, 0.1% of and Ti. Nanosized Al 2 O 3 particles and SHS master alloys were injected using a mechanical mixer. A description of the mechanical mixer and the method of particle injection into the melt are provided in Reference [13] . The melt temperature when the alloy was poured into the crystallizer was 720 • C, and the amount of injected TiB 2 , TiB 2 /TiC, and Al 2 O 3 particles were 0.1 wt.%. Under similar conditions, the reference alloy for comparison was obtained. Prismatic work pieces (8 × 8 × 45 mm 3 ) for deformation treatment and subsequent studies were cut from the centerpieces of cylindrical casts along the principal axis. The prismatic work pieces were subjected to SPD, namely, equal-channel angular pressing (ECAP) in ad-hoc fabricated die-molds with two channels crossing at the angle of 90 • . The pressing of the work pieces was repeated for two and four cycles via route Bc: turning the sample at 90 • during each cycle with a temperature of 200 • C and pressing speed of 15 mm/min using a high-temperature lubricant based on molybdenum disulfide. The selected pressing procedure was supposed to be beneficial for developing an equiaxial ultra-fine structure and ensuring the isotropy of the mechanical properties throughout the material's volume. As a result of using the selected pressing method, the maximum degree of true strain in the central part of the work pieces was 2.3 for two cycles and 4.6 for four cycles. To process the work pieces from the researched alloys, a universal servohydraulic testing system (INSTRON 8801, Instron European Headquarters, High Wycombe, UK) equipped with a heating chamber was used. This equipment enabled us to maintain the required temperature, precisely adjust the pressing speed, and load up to 50 kN with an error margin of up to 0.2%. The schematics of the ECAP process are provided in Reference [22] .
Research
Specific electrical impedance (Ω) of the alloys was measured on a unit with the precision of 0.0001 Ohm × m. From the obtained data, the specific electrical conductivity or ω (S/m) and electrical conductivity according to the International Annealed Copper Standard (IACS) were calculated.
The Vickers microhardness (HV) measurements were conducted according to ISO 6507-1:2018 "Metallic materials Vickers hardness test Part 1: Test method" on a lateral surface of the prismatic specimens in different regions along the pressing axis using the HMV G21ST Shimadzu microhardness tester (Shimadzu, Tsukinowa, Japan). These measurements were taken under a load of 0.5 N and a dwell time of 10 s. About 20 measurements were made for each specimen. The specimens' surfaces were prepared with a standard procedure using mechanical polishing (surface finish roughness R z = 0.1 µm and R a = 0.025 µm).
The microsized samples for elongation-shaped as flat double-sided blades with working parts with a size of 10 mm, thickness of 1 mm, width of 3 mm, and rounding radius of 2.5 mm-were cut from prismatic work pieces along the pressing axis using electrical discharge machining. Single-axis elongation tests were performed on a universal electromechanical testing machine, i.e., Instron 3369 (Instron European Headquarters, High Wycombe, UK), at a deformation rate of 0.001 s −1 , which corresponds to a tensile rate of 0.6 mm/min and a temperature of 25 • C. X-ray diffraction analysis was performed using a Shimadzu XRD 6000 diffractometer (Shimadzu, Tsukinowa, Japan). on CuK α radiation, an accelerating voltage of 30 kV, and the Powder Diffraction file database and POWDER CELL 2.4 full-profile analysis software. The initial structure of the powders and the fabricated materials were researched using scanning electron microscopy with a Quanta 200™ 3D microscope (FEI Company, Thermo Fisher Scientific, Waltham, MA, USA). The particle size of the powders was measured on ANALYSETTE 22 MicroTec plus (FRITSCH, Gamburg, Germany).
Results and Discussion
Master Alloys Obtained in the SHS Mode
A typical structure of the obtained SHS composites containing diboride and titanium carbide particles is provided in Figure 1 . The phase compositions of the SHS master alloys obtained are provided in Table 1 . The microsized samples for elongation-shaped as flat double-sided blades with working parts with a size of 10 mm, thickness of 1 mm, width of 3 mm, and rounding radius of 2.5 mm-were cut from prismatic work pieces along the pressing axis using electrical discharge machining. Single-axis elongation tests were performed on a universal electromechanical testing machine, i.e., Instron 3369 (Instron European Headquarters, High Wycombe, UK), at a deformation rate of 0.001 s −1 , which corresponds to a tensile rate of 0.6 mm/min and a temperature of 25 °С. X-ray diffraction analysis was performed using a Shimadzu XRD 6000 diffractometer (Shimadzu, Tsukinowa, Japan). on CuKα radiation, an accelerating voltage of 30 kV, and the Powder Diffraction file database and POWDER CELL 2.4 full-profile analysis software. The initial structure of the powders and the fabricated materials were researched using scanning electron microscopy with a Quanta 200™ 3D microscope (FEI Company, Thermo Fisher Scientific, Waltham, MA, USA). The particle size of the powders was measured on ANALYSETTE 22 MicroTec plus (FRITSCH, Gamburg, Germany).
Results and Discussion
Master Alloys Obtained in the SHS Mode
A typical structure of the obtained SHS composites containing diboride and titanium carbide particles is provided in Figure 1 . The phase compositions of the SHS master alloys obtained are provided in Table 1 . During the SHS process, titanium carbide and boride particles form in the process of the exothermic combustion reaction (in situ) of the pressed powder systems in the sample layer via the solid phase particle diffusion mechanism involving B/B4C particles and Ti particles. The synthesis processes are accompanied by an increase in the temperature and heat emission that initiates synthesis in the next layer. This is why the weight content of the aluminum powder in the initial AlTi-B/B4C mix was determined experimentally, judging from the possibility of the SHS process occurring in the systems in question. Thus, it was found that the maximum possible weight content of aluminum in the mix for the stationary combustion condition at the initial sample temperature of 20 °C was over 40 wt.% for the Al-Ti-B4C system and 50 wt.% for the Al-Ti-B system. It must be noted that aluminum powder in the initial mix works not only as a matrix for the composites but also as an inert diluent that reduces the adiabatic temperature of the reaction of the Al-Ti-B4C system from 2500 °C (for Ti-B4C) to 1500 0 C (Al-Ti-B4C) and the rate of the reaction from 90 to 18 mm/s. In turn, reduced combustion parameters slow down both the growth of ceramic particles of titanium diboride and carbide and the re-crystallization of these particles in the sample. Therefore, if the content of aluminum in the mix is below 40 wt.% for Al-Ti-B4C (or 50 wt.% for Al-Ti-B), then the adiabatic temperature and reaction rate are increased, and this promotes the growth of TiB2/TiC particles in the SHS composites produced.
Nanosize Al2O3 Powder
The phase composition of the obtained Al2O3 powder is represented by Ɵ-Al2O3 and γ-Al2O3 for 42 wt.% and 58 wt.%, respectively, in Figure 2 . A SEM image and a particle size distribution histogram are provided in Figure 3 . It is evident from Figure 3a that the powder includes agglomerates of nanosized particles of near-spherical morphology, and the average particle size of individual particles was 80 nm (see Supplementary Figure S1 ). Apparently, the agglomeration of nanoparticles takes place because of the Van der Waals forces [23] , and this leads to the formation of conglomerates that affect the size distribution histograms (Figure 3b ). During the SHS process, titanium carbide and boride particles form in the process of the exothermic combustion reaction (in situ) of the pressed powder systems in the sample layer via the solid phase particle diffusion mechanism involving B/B 4 C particles and Ti particles. The synthesis processes are accompanied by an increase in the temperature and heat emission that initiates synthesis in the next layer. This is why the weight content of the aluminum powder in the initial Al-Ti-B/B 4 C mix was determined experimentally, judging from the possibility of the SHS process occurring in the systems in question. Thus, it was found that the maximum possible weight content of aluminum in the mix for the stationary combustion condition at the initial sample temperature of 20 • C was over 40 wt.% for the Al-Ti-B 4 C system and 50 wt.% for the Al-Ti-B system. It must be noted that aluminum powder in the initial mix works not only as a matrix for the composites but also as an inert diluent that reduces the adiabatic temperature of the reaction of the Al-Ti-B4C system from 2500 • C (for Ti-B 4 C) to 1500 0 C (Al-Ti-B 4 C) and the rate of the reaction from 90 to 18 mm/s. In turn, reduced combustion parameters slow down both the growth of ceramic particles of titanium diboride and carbide and the re-crystallization of these particles in the sample. Therefore, if the content of aluminum in the mix is below 40 wt.% for Al-Ti-B 4 C (or 50 wt.% for Al-Ti-B), then the adiabatic temperature and reaction rate are increased, and this promotes the growth of TiB 2 /TiC particles in the SHS composites produced.
Nanosize Al 2 O 3 Powder
The phase composition of the obtained Al 2 O 3 powder is represented by θ-Al 2 O 3 and γ-Al 2 O 3 for 42 wt.% and 58 wt.%, respectively, in Figure 2 . A SEM image and a particle size distribution histogram are provided in Figure 3 . It is evident from Figure 3a that the powder includes agglomerates of nanosized particles of near-spherical morphology, and the average particle size of individual particles was 80 nm (see Supplementary Figure S1 ). Apparently, the agglomeration of nanoparticles takes place because of the Van der Waals forces [23] , and this leads to the formation of conglomerates that affect the size distribution histograms (Figure 3b) . Table 2 shows a summary of the research of the properties of the alloys obtained. Table 2 shows a summary of the research of the properties of the alloys obtained. Table 2 . Properties of the alloys obtained. Table 2 shows a summary of the research of the properties of the alloys obtained. During the treatment of the experimental samples, the obtained data were selected and averaged, and the confidence ranges were determined for all statistical data. Figure 4 shows the typical experimental diagrams of "conditional stress-conditional strain" obtained by uniaxial tension of flat microsamples from the original alloy without disperse hardening. In the figure, curve 1 is the result of tensile a sample from the initial alloy without processing. Curves 2 and 3 correspond to the results of tensile samples from the original alloy after processing for two and four cycles of the ECAP. From the results of uniaxial tensile, a tendency to increase in the values of YS and UTS was noted, with a simultaneous decrease in the relative elongation for the samples after SPD treatment. A similar pattern in the change in the deformation behavior after SPD treatment is observed for all types of the studied alloys without particles and containing particles of Al 2 O 3 , TiB 2 and TiB 2 /TiC. The differences were in the obtained values of the yield strength and strength for each alloy. The basic data obtained on the tensile strength of all the alloys under study, i.e., the conditional yield and strength limits, are given in Table 2 .
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During the treatment of the experimental samples, the obtained data were selected and averaged, and the confidence ranges were determined for all statistical data. Figure 4 shows the typical experimental diagrams of "conditional stress-conditional strain" obtained by uniaxial tension of flat microsamples from the original alloy without disperse hardening. In the figure, curve 1 is the result of tensile a sample from the initial alloy without processing. Curves 2 and 3 correspond to the results of tensile samples from the original alloy after processing for two and four cycles of the ECAP. From the results of uniaxial tensile, a tendency to increase in the values of YS and UTS was noted, with a simultaneous decrease in the relative elongation for the samples after SPD treatment. A similar pattern in the change in the deformation behavior after SPD treatment is observed for all types of the studied alloys without particles and containing particles of Al2O3, TiB2 and TiB2/TiC. The differences were in the obtained values of the yield strength and strength for each alloy. The basic data obtained on the tensile strength of all the alloys under study, i.e., the conditional yield and strength limits, are given in Table 2 . Microhardness tends to increase both after the introduction of hard-melting particles and after increasing the number of treatment cycles. The maximum microhardness of the materials in all the cases is greater in the samples containing TiB2 and lesser in the samples containing Al2O3. The lowest microhardness is seen in the samples that do not contain reinforcing particles. The introduction of hard-melting particles causes the electrical conductivity of aluminum to decrease. The least electrical resistance (between 36 and 46.2% IACS) was exhibited by the alloys containing Al2O3 nanoparticles. Apparently, this is attributed to the particles being unevenly distributed throughout the material volume as agglomerates, and that is a significant obstacle for the free pass of electrons, leading to an increase in the electrical resistance of alloys. The highest electrical conductivity (63.1% IACS) was found in the alloys after four cycles of SPD. Figure 5 shows the combination of the electrical conductivity on the tensile strength of the alloys obtained. Data for other aluminum alloys can be seen in Reference [4] . It is seen in Figure 5 , that from the point of view of the optimal combination of electrical conductivity and strength, the most beneficial trend is seen in the alloys alloyed with TiB2 particles after four cycles of SPD. In this case, the electrical conductivity is 53.9% IACS, the tensile strength is 165 MPa, the yield strength is 103 MPa, and НV is 665 MPa. This is attributed to the fact that SPD treatment creates a homogeneous ultra-fine structure that promotes an increase in the mechanical properties according to the Hall-Petch relationship [4] . An increase in the electrical conductivity is due to the SPD process promoting the purification of aluminum crystals through the expulsion of impurities from the solid solution and the purification of the crystals for the free pass of electrons [4] . The SPD process also amplifies the particle reinforcement effect by the even redistribution of titanium diboride particles in aluminum grains, thus activating the Orowan mechanism. As such, the particles become an obstacle for the travel of dislocations [15] . The fact that Microhardness tends to increase both after the introduction of hard-melting particles and after increasing the number of treatment cycles. The maximum microhardness of the materials in all the cases is greater in the samples containing TiB 2 and lesser in the samples containing Al 2 O 3 . The lowest microhardness is seen in the samples that do not contain reinforcing particles. The introduction of hard-melting particles causes the electrical conductivity of aluminum to decrease. The least electrical resistance (between 36 and 46.2% IACS) was exhibited by the alloys containing Al 2 O 3 nanoparticles. Apparently, this is attributed to the particles being unevenly distributed throughout the material volume as agglomerates, and that is a significant obstacle for the free pass of electrons, leading to an increase in the electrical resistance of alloys. The highest electrical conductivity (63.1% IACS) was found in the alloys after four cycles of SPD. Figure 5 shows the combination of the electrical conductivity on the tensile strength of the alloys obtained. Data for other aluminum alloys can be seen in Reference [4] . It is seen in Figure 5 , that from the point of view of the optimal combination of electrical conductivity and strength, the most beneficial trend is seen in the alloys alloyed with TiB 2 particles after four cycles of SPD. In this case, the electrical conductivity is 53.9% IACS, the tensile strength is 165 MPa, the yield strength is 103 MPa, and HV is 665 MPa. This is attributed to the fact that SPD treatment creates a homogeneous ultra-fine structure that promotes an increase in the mechanical properties according to the Hall-Petch relationship [4] . An increase in the electrical conductivity is due to the SPD process promoting the purification of aluminum crystals through the expulsion of impurities from the solid solution and the purification of the crystals for the free pass of electrons [4] . The SPD process also amplifies the particle reinforcement effect by the even re-distribution of titanium diboride particles in aluminum grains, thus activating the Orowan mechanism. As such, the particles become an obstacle for the travel of dislocations [15] . The fact that the presence of titanium diboride particles are not causing a substantial reduction of the electrical conductivity in the structure of aluminum is explained by the fact that the distance between TiB 2 particles is greater or equal to the distance of the free pass of electrons. Otherwise, inclusions are an obstacle for electrons and the electric conductivity of the material would be lower. Mayadas A.F. [24] , data are presented which indicate that the average distances of the free path of electrons are 1.9 µm. Supplementary Figure S2 shows the SEM image by which one can estimate the distances between the particles of titanium diboride in aluminum alloys after four SPD cycles. The estimated average distance (l av ) between the particles of titanium diboride was 2.2 µm.
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Conclusions
The results of the studies show the effect of dispersed hardening by Al2O3 nanoparticles and microsized TiB2 and TiC particles and deformation processing using the ECAP method of pure aluminum on its electrical conductivity and strength properties. It has been found that the use of TiB2 particles for dispersed hardening of aluminum and in machining ECAPs allows one to increase the mechanical properties of the alloy without substantially reducing electrical conductivity. This phenomenon is manifested through the processing of ECAP, which contributes to the distribution of particles of the second phase in the structure of aluminum in such a way that they do not interfere with the free path of electrons. It has been established that with the introduction of TiB2 particles into aluminum and with simultaneous SPD processing, HV increases from 329 to 665 MPa, YS from 38 to 103 MPa, and UTS from 73 to 165 MPa, and the original electrical conductivity of cast aluminum without particles is maintained at 53.9-54.1% IACS. The agglomeration of nanosized particles of aluminum oxide, due to the action of van der Waals forces, does not allow for the achievement of the optimal structure of aluminum, which ensures high electrical conductivity. Moreover, the introduction of alumina nanoparticles into pure aluminum can significantly increase its microhardness. It was found that the initial electrical conductivity of 63.1% IACS with enhanced mechanical properties is possessed by the initial alloy without particles, subjected to a fourfold SPD treatment. This effect is explained by the grinding of the grain and the exit of impurity elements from the crystal to the boundaries, which is a favorable factor for the free path of electrons. 
The results of the studies show the effect of dispersed hardening by Al 2 O 3 nanoparticles and microsized TiB 2 and TiC particles and deformation processing using the ECAP method of pure aluminum on its electrical conductivity and strength properties. It has been found that the use of TiB 2 particles for dispersed hardening of aluminum and in machining ECAPs allows one to increase the mechanical properties of the alloy without substantially reducing electrical conductivity. This phenomenon is manifested through the processing of ECAP, which contributes to the distribution of particles of the second phase in the structure of aluminum in such a way that they do not interfere with the free path of electrons. It has been established that with the introduction of TiB 2 particles into aluminum and with simultaneous SPD processing, HV increases from 329 to 665 MPa, YS from 38 to 103 MPa, and UTS from 73 to 165 MPa, and the original electrical conductivity of cast aluminum without particles is maintained at 53.9-54.1% IACS. The agglomeration of nanosized particles of aluminum oxide, due to the action of van der Waals forces, does not allow for the achievement of the optimal structure of aluminum, which ensures high electrical conductivity. Moreover, the introduction of alumina nanoparticles into pure aluminum can significantly increase its microhardness. It was found that the initial electrical conductivity of 63.1% IACS with enhanced mechanical properties is possessed by the initial alloy without particles, subjected to a fourfold SPD treatment. This effect is explained by the grinding of the grain and the exit of impurity elements from the crystal to the boundaries, which is a favorable factor for the free path of electrons. 
